A survey of all the available data on meiotic transmission rates in M. maculatus suggests that a polymorphism in female transmission rate exists in most natural populations. Differences in the frequency of the types or in the transmission rates they manifest may exist between populations or over time, but the evidence is not compelling. The data on males are also equivocal, especially because the environment may affect male transmission rate. We suggest that the polymorphism in female rates may demonstrate the selective equilibrium between the B and the genome in which it exists.
INTRODUCTION
B chromosomes are an intriguing class of genetic variant, particularly so because in some species they may have no adaptive significance. (For a general review, see Jones and Rees, 1983) . In the grasshopper Myrmeleotettix maculatus, for example, it is likely that the B's are maintained in the population through a balance between selection acting against 2B karyotypes and a net accumulation occurring between adult and egg stages (Hewitt, 1973a; Shaw, 1984) . The B itself imposes an overall genetic load on the population and, at equilibrium at least, reduces the fitness of an individual carrying it. Any gene tending to reduce the efficiency of the meiotic drive will tend to increase in frequency, since it will reduce the proportion of individuals with B's in the descendants of its carrier (Shaw, 1984) .
Hence, we should expect a continuing race between the "A" genome, whose genes will increase in frequency if they reduce the meiotic drive acting on the B's, and the B chromosomes, increasing in frequency if the meiotic drive acting on them increases. The advantage accruing to a modifier of meiotic drive will be frequency dependent, decreasing as the frequency increases. Thus, if the modifier has any pleiotropic disadvantageous effects it will reach an intermediate equilibrium frequency, and the population will be polymorphic for the transmission rate acting on a B (Shaw, 1984) .
This process is analogous to the accumulation of modifiers of the meiotic drive acting on sex-ratio distorter or segregation distorter genes in the experiments of, for example, Hartl (1977) and Lyttle (1979) . Hence, the observation of a polymorphism for meiotic drive in an experiment on the inheritance of transmission rates (Shaw and Hewitt, in press ) is of considerable interest. In that experiment it seemed that the modifier could have been derived either from the parent population not containing B chromosomes, or from both populations.
Following the arguments above, we would expect the modifier to be maintained in most populations containing B's. The distribution of the B is geographically quite restricted. It occurs only in Wales and Southern England, with a fairly distinct boundary between areas that contain it and those that do not (Hewitt, 1973b; Hewitt and Brown 1970) .
If the modifier gene plays a role in determining the geographic distribution of the B, this role should only be secondary: for example, the size of the change in transmission rate produced by the modifier might change with the environment. Of course, hypotheses of arbitrary complexity about the genetic role of the modifier and its interaction with the environment can be set up: but it seems best to examine those that follow from coherent body of theory first. Thus, it is of some interest to know the distribution of transmission rates of the B among invididuals taken from different natural populations.
This distribution is also of interest because the dine between regions which contain B's and those which do not appears to have moved in East Anglia between the early and late 1970's (Shaw, 1983b) . Changes in meiotic transmission rate could have played a part in mediating this change. Since data from 1971-2 exist for a population on what was then the limit of the distribution of the B, with a frequency of 25 per cent B's, (Robinson, 1973) it is of interest to re-examine the transmission rates manifest there, now that the frequency is nearer 50 per cent. Similar data from different dates are available at other sites, where the frequency has not changed. Clearly, the comparison is important.
The aim of this paper is therefore to present and analyse all the available data on meiotic transmission rates of the B-chromosome in M. Shaw and Hewitt, 1984 .
ANALYSIS

Females
The data can be cross-classified by two factors, date and site. There are too few crosses to use individual years as the levels of the factor classifying "date", and so crosses have been grouped into those made in 1970-72, in 1973-77 and in 1978-80. Preliminary analysis was carried out using the generalised linear modelling facilities in the packages GENSTAT and GLIM. The logit of transmission rate was assumed linearly related to the factors of interest, while the error distribution was assumed binomially distributed. A variety of hypotheses can then be fitted, and compared with each other using the "deviance" i.e., -2 In (likelihood) of the data. This is analogous to the variance in classical analysis of variance and has a probability distribution, if the model used is correct, that is asymptotically chi-square. The chi-square distribution may therefore be used, with caution, in approximate significance tests. (Baker and N elder, 1978 is an accessible reference concerning the technique. For further discussion, ee McCullagh and Nelder, 1983) .
The data are extremely heterogeneous, and individuals clearly differ in their drive rates (table 2, line 1). However, little of this heterogeneity is attributable to consistent differences between timeperiods or sites (lines 2, 3).
A small proportion of the data derive not from laboratory crosses, but from progenies laid in the laboratory by wild females captured while gravid (see table 1 ). Any differences between these two types of data could give rise to the heterogeneity.
However a factor allowing for this difference explains almost none of the heterogeneity in the data (table 2, line 4). If temporal or site differences are fitted as well, gravidity accounts for even less of the deviance. We shall not consider it further in this section.
Fitting both time-period and site differences produces a large reduction in deviance but still leaves a very significantly heterogeneous dataset (table 2, line 5). This heterogeneity is of interest in its own right, but also makes it hard to interpret the reductions produced by the other factors, for the following reason. Suppose the parent populations contained a number of types of female with substantially different drive-rates. Then small samples drawn from these populations would inevitably contain different proportions of the different types. The sample averages would then differ considerably from each other, regardless of whether the parent populations differed or not in the proportions of the different types, or even in the average value shown by each type.
In view of the results reported in Shaw and Hewitt (in press) it seems worth testing whether there is evidence for a simple dichotomy of drive Table 1 The data used in this paper. The sources of previously reported results are indicated thus: * Hewitt (1973); t Robinson (1973); Harvey (1977) ; § Shaw (1981) . Some corrections have been made to the data listed in Shaw (1981 case a single observation could be of the "low drive" type, with probability "p", or "high drive" with probability i-p. We do not know what the "high drive" or "low drive" transmission rates are, and a given observation may have a large error component because it has a small sample size. If we knew to which type each observation should he assigned, the likelihood of the data would simply he the sum of the binomial likelihoods for each observation, with the appropriate drive rate in each progeny inserted. We do not know the appropriate drive rate, so the likelihood for each progeny is the sum of two parts; one part for the low drive rate, multiplied by the probability that an individual has this rate, and one part for the high drive rate, similarly multiplied. This expression for the likelihood can then he maximised to find estimates of the high and low drive rates and the probability "p". We chose to do this using the E-M algorithm (Aitkin and Wilson, 1980) , programmed in GLIM. (Details are given in the Appendix).We experienced no problems with either convergence or multiple maxima.
A very similar scheme can be used to fit a continuous underlying distribution of drive rates, provided suitable assumptions are made. We assumed a normal distribution of drive rates and then approximated it by a discrete distribution with seven categories, each containing an amount of probability appropriate to a particular standardised distance from the mean, Then we took the likelihood of the data to he the sum of seven contributions, one for each of the possible probability categories. In this case, the probabilities of each category were fixed. The drive rates corresponding to each one were determined by the mean and variance of the normal distribution assumed. The likelihood was then rnaximised, again using the E M algorithm, with respect to the mean and variance of the underlying normal, Within this statistical framework, it is possible to examine sensibly whether there are real differences between the different subdivisions, although different approaches seem needed for the dichotomous and continuous cases. If we assume the existence of a modifier gene determining a genetic polymorphism, it is simplest to ask, at least initially, if this varies in frequency between groups; while if we assume a continuous underlying distribution it is simplest initially to allow its mean to vary among groups. These were the approaches taken. Table 3 sets out the log-likelihoods found, at the maximum, for the two hypotheses and their variants. The values are given as differences (deviances) from the maximum possible likelihood, where each observation would be allowed its own mean. The reduction in deviance given by either model of heterogeneity compared with the corresponding homogeneous model is very impressive, giving between four and nine times the reduction expected from an arbitrary change in parameterisation. There is little to choose between the continuous and two-group models. The two-group model fits better by one to three support units (that is, it is 3 to 25 times more "likely") except where no differences between times or places are fitted. On the other hand, the two-group model involves three parameters where the continuous model has two. However, because the models are parameterised in fundamentally different ways the likelihood differences cannot he compared in a formal probabilistic framework. Thus, the likelihood alone cannot provide a choice between models, and other arguments must be used.
We have experimental evidence for the twogroup model, If we choose to ask "does the available evidence support the theory that the modifier found in Shaw and Hewitt (in press) exists in natural populations containing the B?", the answer is "yes". Although the evidence can also be used to support other theories, the results of the breeding studies, taken with the theoretical prediction of such a situation, suggests that the segregation of a modifier is the most economical explanation of the field data for the time being.
Accepting this, we can ask about the differences implied between groupings. Substantial heterogeneity remains even with the best fitting model, so the improvements in fit must be related
to the remaining heterogeneity and tested, with caution, against F. This procedure is not well statistically supported (see Baker and Nelder, 1978 , for its justification) but is most unlikely to be too conservative. Using this test does not suggest any real differences between locations or timeperiods (table 4 ). An alternative method of analysis is to classify animals into "high" and "low" types using an arbitrary cut-off point, and examine a cross-tabulation to look for changes overtime. This method also fails to reject the null hypothesis that all groupings are equivalent. However, the tests are not powerful, so it is quite possible that fairly substantial differences between sites and/or times might exist, with, perhaps, a variety of causes. 02 to 04 (Shaw, 1983b) . Unfortunately, if we accept the observation as representative of the population, the changes become more rather than less mysterious, as we now have to point to some change in the environment or genetic composition of the population which would cause the change in transmission rate. This cause would have to apply to all populations on the edge of the dine.
Although this is perfectly possible, it is not an easy hypothesis to test.
At Lakenheath there appears to he a tendency for transmission rates to be lower when estimated from progenies laid by females collected when gravid, rather than mated in the laboratory. There are two obvious explanations of this, although there is too little data to be able to say whether the trend is consistent or not, First, females may mate more than once, so that the progenies are mixtures of non-B containing and B-containing ones. There is no information about the number of times female M. myrmeleotettix mate in the wild.
In the laboratory they will mate repeatedly, but are noticeably less willing after their first mating: if this were true in the wild, multiple matings might not be very common. The second explanation is that males show a reduced transmission rate if they mate in the wild. This hypothesis is supported by the experiment of Shaw and Hewitt (1984), which showed that a proportion of males showed substantially reduced transmission rates when mated under colder conditions. On the other hand, if true, the hypothesis suggests that the male data as presented here bear no direct relation to the transmission rates shown in the wild.
Thus, such differences between sites as do seem to exist require a cautious interpretation. They are not, in any case, dramatic once due allowance is made for sample sizes. The deviance in the raw data is 1569 on 8Odf (P=2X107 against x2); allowing for site differences only reduces this to 145'3 on 76 df. The reduction in deviance has a probability tested against F of about 40 per cent of occurring assuming no real site differences, It might be significant that the highest average male transmission and the least spread in rates seems to occur at Tal-y-bont in Wales, where the B frequency is also high, although correlations between transmission and B frequency should not necessarily be expected in such small samples, because genetic drift has considerable influence on B frequency (Shaw, 1984) .
To summarise, if we suppose that transmission rates measured in the laboratory are characteristic of those occurring in the wild, the average value is around 0'4, with considerable spread. Differences between populations are not dramatic. There might be a distinct grouping with a transmission rate nearer 02, forming a minority of individuals. On the other hand, transmission in the laboratory is probably not representative of that in the wild for all individuals (Shaw and Hewitt, 1984) : in this case, the average transmission will be somewhat lower, perhaps nearer 0'3; little more can be said.
DISCUSSION
The evidence presented in this paper confirms that B-chromosome transmission rates in M. maculatus are far from the Mendelian expectation. in the females there is reasonably good evidence that a genetic polymorphism exists defining at least a high transmission and a low transmission type. In the males little can be stated firmly, because of doubts about the relation of the available data to wild M. maculatus. it seems quite likely that male transmission is affected by temperature and is lower in the wild than in the laboratory. In neither males nor females is there any good evidence for differences in transmission patterns or rates between different populations: on the other hand, the precision of the data is poor.
The most generally interesting result is the evidence of a modifier of female meiotic drive segregating in most populations. The frequency of the low drive phenotype seems to be about one quarter. if the gene responsible is recessive, its frequency is a half, if dominant, about one eighth. Either way, the important point is that it is polymorphic in these populations, despite conferring an advantage on its carriers by reducing the frequency with which their offspring will carry the B. This implies that some other selective force acts on the gene, preventing it from further increasing in frequency. Thus, the simplest explanation of the presence of the modifier is as an evolutionary response to the presence of the B chromosome in the gene pool. This picture is spoilt slightly by its probable presence also in populations where the B does not occur (Shaw and Hewitt (in press) ).
This suggests that, while the modifier will presumably change its frequency in response to the B, it is in fact a pre-existing polymorphism, not a novel one introduced to the population through the presence of the B. B's with enhanced transmission rates, that is, "resistant" to the modifier, will of course be selected for. As the B appears to be a very variable entity (John and Hewitt, 1965; Shaw, 1983a) , such mutations probably arise from time to time. The co-existence of the B with its host genome must be visualised as a dynamic one.
The fundamental causes of the geographic variation in B-frequency around the UK remain obscure. The simplest hypothesis is that the distribution of the B represents the limit of a continuing spread outward from a centre of origin. This hypothesis is suggested by the movement found in East Anglia by Shaw (1983b) ; however, from the results of Shaw and Hewitt (1984) it seems very likely that temperature acting through male transmission rates could modify the final frequency attained, conceivably to the extent of preventing the B from entering a population. A good deal of effort has in the past gone into trying to determine whether or not the B chromosomes of various species were "advantageous" to their carriers. As Shaw (1984) shows, this is not in fact a very fundamental question, since the critical level of fitness required for the B to be maintained in a population is not 1, but the inverse of the net transmission rate, adding together male and female rates. From the results in the present paper the net transmission rate in M. maculatus seems to be about 11-14, depending on the interpretation of the results. Thus, all that can be said about the fitness of lB individuals is that it must be greater than a number in the region of 07 to O9. Beyond this, the fitness of lB individuals has only a secondary influence on the evolutionary fate of the B. To determine the fitness precisely would require an enormous effort, quite incommensurate with the interest of the result. The 2B karyotypes must be rather unfit, as shown in Shaw 1984 , but again precise figures would be hard to determine.
The data and interpretation in the present paper also alters somewhat the interpretation that Robinson and Hewitt (1976) verified by differentiating (1) with respect to /3,, and /3,,, and comparing the expressions with a standard fit in which no f3,, appears and there is but a single group. Using the new estimates of /3,, and /3m we can calculate new estimates of A and soon until convergence occurs.
To fit separate estimates of A in separate groups the expression (2) is calculated separately for each group, while the rest of the algorithm uses the entire dataset.
For the continuous variation hypothesis we take a formulation with more than two categories and fixed A's. We then calculate /3, and /3,,, as suggested, and use the recalculated /3,, and /3,,, to calculate new weights. Again, the process is iterated until the estimates and likelihood converge.
